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ABSTRACT 
 
The technique of Scanning Tunneling Optical Resonance Microscopy (STORM) has been 
investigated for use on nanostructures.  It has been demonstrated as a viable technique to 
characterize both bulk and nanostructured materials by optically pumping the tip-sample 
junction with variable energy photons thereby changing the electronic signature in the 
scanning tunneling microscope allowing for the determination of the local absorption 
spectrum.  STORM offers an alternative technique to characterize very small structures 
that lie beyond the limits of more conventional approaches.
 v 
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I  INTRODUCTION 
 
1.1  MOTIVATION 
In recent years since the Kyoto Protocol, it has been recognized by the majority of 
the planet that global warming has been accelerated by human activities.1  The burning of 
fossil fuels for electricity generation produces most of the pollutants considered to be 
greenhouse gases which has lead to the active development of clean energy production 
with a major focus in solar technology.  Solar cells have been around since the late 
1800’s2 and there is currently a lot of research interest in photovoltaics. 
There are several types of solar cell technology employed throughout the world, 
such as single junction, multijunction, concentrators, polymeric and solid state.  The 
limiting factor in these technologies is the conversion efficiency.  There are a variety of 
device issues related to current extraction, but the fundamental limit of efficiency is 
determined by the opto-electronic properties and quality of the active material.  The 
maximum conversion efficiency for a single junction solar cell has been calculated to be 
about 30 %.3  The reason for this number is photons of different energies have different 
penetration depths. Thus, the further away from the junction the photon is absorbed via 
the creation of an electron-hole pair, the less likely the electron and hole will be separated 
by the electric field in the junction.  Electron-hole pairs that are created but do not 
contribute to current, but instead are absorbed via some non-radiative mechanism such as 
a crystal defect, lead to increased heat generation in the device, which decreases the 
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efficiency of the system.  The higher energy photons contribute to surface heating of the 
material and the less energetic photons pass through the material with low probability of 
absorption. Both contribute to a decrease in efficiency.  Due to the absorption physics, 
placement of the junction and thickness of the solar cell layers is critical in device design.   
 For multijunction cells, the maximum conversion efficiency has been calculated 
by taking the limit of an infinite stack of materials with bandgaps directly matched to the 
solar spectrum.  The theoretical limit for a multijunction cell has been calculated to be 
approximately 66 %.4  The current state-of-the-art terrestrial solar cells are triple-junction 
using an InGaP/GaAs/Ge stack.  The materials in the InGaP/GaAs/Ge stack have 
bandgaps of 1.9 eV, 1.43 eV, and 0.66 eV respectively, or roughly 650 nm, 865 nm, and 
1880 nm respectively.  The InGaP is used for absorption from about 300 nm to 700 nm, 
the GaAs is for absorption from 600 nm to about 900 nm, and the Ge is for increased 
infrared absorption from about 900 nm to over 1600 nm.  Spectrolab reports efficiencies 
for extra-terrestrial applications of around 27 % at air-mass zero (AM0).5  For terrestrial 
applications at AM1.5, these cells need to be used in conjunction with concentration 
devices to achieve high efficiency.  For terrestrial applications under concentration, the 
current world record for efficiency is held by Spectrolab at 37.3 %.6  Triple-junction cells 
are among the most efficient but also among the most expensive to produce.  The 
complexity of the design requires that these structures are grown in a highly controlled 
environment, such as a metal organic chemical vapor deposition (MOCVD) system, 
unlike bulk silicon which can be manufactured very cheaply in large deposition systems.  
 3 
Triple-junction cells also require tunnel junctions for current extraction that are deposited 
in between the active layers.  Tunnel junctions are often a different composition than the 
active material.  Thus, one has to take into account lattice mismatch and adjust growth 
parameters to achieve a smooth interface.  Furthermore, the tunnel junction is generally 
not perfect in charge transport contributing to power loss.  Depending on the material, the 
tunnel junction may absorb incoming light leading to further inefficiency by taking away 
potential power generation from the active material below.  Since the solar cell junctions 
are in a series circuit, the current is limited by the worst tunnel junction so great care 
must be taken in selecting appropriate materials and growth conditions to insure a quality 
junction.   
For extra-terrestrial applications where the cost of space transportation is based 
primarily on the payload mass, the triple-junction solar cells are preferred due to the their 
power to mass ratio being higher than other types of cells (i.e. silicon).  For terrestrial 
systems, however, triple-junction cells add to costs, because not only is production 
complicated, but they also need to be used in expensive solar tracking, and concentration 
systems for high efficiency operation.   
 An alternative approach to high efficiency solar cells is to use a single-junction 
GaAs, p-i-n cell with InAs quantum dot stacks in the i layer, thereby reducing 
manufacturing complexity and thus expense, while maintaining high efficiency.  Adding 
a stack of quantum dots can theoretically enhance the efficiency of a single junction cell 
 4 
to over 60 %.7  Furthermore, the bandgap of quantum dots is directly related to their size 
(assuming a sphere), given by: 
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Where h is Planck’s constant, d is the quantum dot diameter, and *em , 
*
hm   are the 
effective masses of electrons and holes respectively.  Thus, the absorption of the quantum 
dots can be tuned for optimum efficiency at specific wavelengths by controlling their 
diameter.8 
 In order to optimize the fabrication and incorporation of nanostructured materials 
into solar cell structures, it is necessary to be able to understand and properly characterize 
these structures.  The opto-electronic properties of nanostructured materials must be 
known in order to make predictions about and correlate with device performance.  
Standard characterization techniques, such as photoluminescence and 
electroluminescence, tend to excite many nanostructures simultaneously.  If the structures 
are not identical, then the individual spectra overlap and are indistinguishable from each 
other.   Most nanoscale structures are formed through a process of self-assembly yielding 
a large range of sizes further complicating bulk spectroscopic analyses.  Nanostructures 
can also be formed by arranging atoms or molecules in a specific manner with a scanning 
tunneling microscope (STM)9 or optical tweezers,10 but these techniques are at present 
too time consuming for the large scale production required for solar cell arrays.   
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Since the opto-electronic properties of nanostructures are size-dependent, it is 
necessary to be able to characterize individual structures of different dimensions to 
determine which structure may be the most suitable for a particular device.  One method 
of nanostructure characterization is near field scanning optical microscopy (NSOM).  
NSOM is a form of scanning probe microscopy (SPM) and was first demonstrated in the 
visible wavelength regime in 1984 by Pohl et al.11  NSOM uses a very small diameter, 
metallized optical fiber as a probe.  It operates much the same way as an STM by 
bringing the probe within angstroms of the sample and taking images in the near field.  
Near field imaging is able to obtain resolutions far greater than conventional, lens-based 
microscopes because the proximity of sample and the NSOM system allows the Abbe 
diffraction limit to be avoided when taking optical images.12  With NSOM, one can 
perform small scale spectroscopy since the probe is an optical fiber.  A sample may be 
illuminated with various wavelengths to obtain spectroscopic data and optical images 
simultaneously.  Resolutions as high as 25 nm have been demonstrated with NSOM.11 
 Micro-photoluminescence (µ-PL) is a photoluminescence (PL) scheme using a 
very small diameter pump beam with a spot size typically around 1 µm2.  This system 
will work well if the structures are sufficiently dispersed so that very few are illuminated 
at the same time.  Most PL systems have fixed wavelength pump lasers.  This creates a 
problem if the substrate and quantum dots have similar bandgap energy.  This may cause 
the substrate to absorb the pump laser as well as the quantum dots and since there will be 
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more signal coming from the substrate than the quantum dots, the quantum dot signal will 
be indistinguishable from that of the substrate.13 
 There are a variety of characterization techniques that fall in the category of 
photo-assisted STM.  The first photo-assisted STM measurement was demonstrated on a 
semiconductor sample in 1987.14  Van de Walle et al. used a He-Ne laser to increase 
carrier density in semi-insulating GaAs, thereby reducing the resistivity of the sample.  
The photoconduction allowed for imaging with both a positive and negative tip bias.  It 
was demonstrated by Van de Walle et al. that it is feasible to envision a scenario where 
insulating samples could be measured by STM under illumination.  
The characterization technique discussed in this report is a photo-assisted STM 
technique called scanning tunneling optical resonance microscopy (STORM).  STORM 
has been developed in collaboration with NASA Glenn Research Center and the 
Rochester Institute of Technology and is a novel characterization technique that will 
allow opto-electronic measurements of individual nanostructures.15   
The STM operation is based on the quantum mechanical tunneling properties of 
electrons.  To enhance the signal, a bias is applied to a sample thereby reducing the 
energy of the vacuum barrier and creating a larger probability of tunneling.  By optically 
pumping the tip-sample junction, a photoenhanced tunneling current may be detected, 
provided the photon energy is greater than the work function of the sample.  The 
photoenhanced current can then be correlated to the electronic transitions of the sample 
yielding spectroscopic information about the energy level transitions.  By using a tunable 
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radiation source to illuminate a sample, a unique current signature can be detected by 
STM.  As the illumination energy approaches the bandgap energy of a material, the 
material will exhibit a photo-enhanced tunneling current that can be detected by the STM 
using a lock-in technique.16  The STM also allows imaging of the surface of the sample 
so the relationship between the size of a nanostructure and its opto-electronic properties 
can be seen.   
  
1.2  SCANNING TUNNELING MICROSCOPY  
 The scanning tunneling microscope was first demonstrated at IBM in 1982 by 
Gerd Binnig and Heinrich Rohrer.  Binnig and Rohrer showed that their invention was 
capable of imaging the atomic structure of silicon.17  The capability of the STM allowed 
Binnig and Rohrer to share in a Nobel Prize four years after the first demonstration.   
 The STM operates by the quantum mechanical principle of electron tunneling.  
The tip is brought within angstroms of the surface, which allows the tip and the surface 
atoms’ wavefunctions to overlap.  Similar to a particle in a box, the small region of space 
between the tip and sample creates a vacuum barrier.  Quantum mechanics allows for a 
finite probability that a surface electron will be found at the STM tip.  To assist the 
tunneling, a bias is applied to the tip and sample.  The bias effectively shifts the Fermi 
level in the tip and sample to lower the barrier energy.  The lower barrier energy allows 
for an increased tunneling probability and higher signal.  The STM is scanned across a 
small area of the sample by piezo-electric drivers which are capable of angstrom 
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positioning resolution (Figure 1).  The tunneling current is then processed by a feedback 
loop while the piezos respond to maintain a constant current or height. 
 The tunneling current can be approximated by the following relation: 
sA
T eJ
ϕ−∝  
Equation 2 
where JT is the tunneling current, φ is the barrier height, s is the tip-sample distance and  
h
m
A
2
=  where h is Planck’s constant and m is the free electron mass.18,19  The 
exponential dependence of tunneling current on tip-sample separation means that the 
tunneling current drops to virtually nothing within just a few nanometers.  This feature 
makes the STM extremely sensitive to height variations across a sample.     
The STM does not measure the topography of a sample directly.  It measures the 
local density of states (LDOS) on the surface.  For defect-free samples with a constant 
work function across the surface, the LDOS closely matches the topographic profile.20  
The sensitivity to the LDOS makes the STM a useful tool in investigating the electronic 
properties of a material; however, in the case of semiconductors, this can cause serious 
problems since the LDOS of semiconductors tends to be strongly dependent on the 
applied bias.  For example, the method to image the atomic arrangement of gallium and 
arsenic in GaAs is to take one image with a positive bias on the sample to image the As 
atoms and then reverse the bias to image the Ga atoms.
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Figure 1.  Schematic of STM operation showing atomic interaction between the tip and sample. 
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 Then, one must overlay the two images to see the actual structure.  This is due to the 
valence and conduction states being preferentially located on the As and Ga atoms 
respectively.21  The dependence on sample bias can yield artifacts resulting in images that 
may have little or no resemblance of the actual surface topography for semiconducting 
materials. 
 
1.3  ATOMIC FORCE MICRSCOPY 
The atomic force microscope (AFM) was first introduced by Binnig et al. in 
1986.22  The AFM operates like a small record player.  A tip is mounted on an extremely 
flexible cantilever and allowed to be dragged across the surface of a material by the same 
piezoelectrics that are used in the STM to keep a constant tip force on the sample.  The 
deflection of the tip is measured as the tip is raster scanned across the surface and relates 
directly to the surface topography.  The first design by Binnig et al. employed a STM 
above the AFM cantilever to detect the deflection (Figure 2a).  Many commercially 
available systems use an optical lever as the feedback mechanism.  The optical lever is a 
way to measure the deflection of the AFM cantilever by reflecting a reference laser off it.  
A position sensitive detector is then used to integrate the laser reflected signal to 
determine the magnitude of the deflection (Figure 2b).  The optical lever can magnify the 
deflection of the tip over 1000 times providing the optical path length is far greater than 
the cantilever length.  This is how the AFM is able to achieve angstrom height sensitivity 
and measure pico-Newtons of force.23  It is possible to achieve atomic resolution with an  
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Figure 2.  (a) Schematic of first AFM setup with STM as deflection detector.  (b) Modern AFM using 
optical lever to sense the vertical position of the cantilever. 
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  AFM, but it tends to be more difficult than the STM due to the AFM tips having much 
larger tip radii.24  However, one major advantage the AFM has over the STM is the 
capability to measure samples that are not conductive.  The STM is incapable of 
measuring insulating samples and requires very careful operation when measuring 
semiconducting materials.   
Tips for the AFM are generally made from SiN or some variation.  Due to the tip 
composition, existing photolithography methods can be used to manufacture tips with 
minimal variation in shape from tip to tip.25  If a manufacture error occurs, the resulting 
tip may not have the desired shape leading to artifacts in the image.  Furthermore, 
because the AFM tip is actually in contact with the sample, it may collect contaminants 
from the surface also causing image artifacts.  Artifacts in AFM images are usually easily 
recognized by eye with experience.  STM artifacts are much less obvious because of the 
complicated tip shape and electronic properties of the sample. This can lead to 
misinterpretation of image data.  The AFM may be operated in a contact mode or tapping 
mode.  Contact mode is when the AFM tip maintains contact with the sample during the 
entire imaging process. Tapping mode oscillates the cantilever close to its natural 
resonance frequency by a piezo on the tip holder, hence the tip “taps” the sample during 
imaging.  Tapping mode significantly reduces lateral forces that may impart a torque on 
the cantilever which may cause image artifacts.   
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 Recent advances in AFM tip technology have allowed for a wide range of sample 
properties that can be quantified by AFM.  Depending on the tip material or coating, one 
can measure magnetic, tensile, thermal, and electronic properties as well as chemical 
interactions while imaging the surface.  The AFM can be operated in fluids and also in an 
ultra-low force mode for imaging living cells, even capturing movies of different cellular 
events.  The versatility of the AFM is arguably greater than that of the STM, but both 
tools are powerful in materials science and give access to a large amount of information 
of material properties. 
 
1.4  TI:SAPPHIRE RING LASER 
 The STORM technique requires a continuous, widely tunable radiation source.  A 
source of tunable radiation that is commercially available is the Ti:Al2O3 ring laser.  The 
Ti:Al2O3 crystal has a fluorescence spectrum ranging from approximately 650 nm to 
1050 nm and an absorption peak around 500 nm.  This means that the 514 nm line of an 
argon ion laser or 532 nm diode pumped solid state (DPSS) laser may be used as a pump 
source and the realistic usable lasing range is from 700 nm to 1000 nm.  The Ti:Sapphire 
has a broad lasing range due to the titanium impurity in the sapphire.  The titanium 
undergoes Zeeman splitting of its energy levels.  The energy levels are then broadened by 
phonon vibrations and perturbations in the electric field of the crystal to cause 
overlapping energy states.26  The Ti:Sapphire ring laser has a wide spectral range 
requiring three different sets of optics to access the entire lasing spectrum.  Tuning of the 
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laser is accomplished by rotating a birefringent crystal filter to match the phase of the 
desired lasing wavelength.   
 
1.5  METAL ORGANIC CHEMICAL VAPOR DEPOSITION (MOCVD) 
 The quantum dots for incorporation into the GaAs solar cell are grown epitaxially 
by metal organic chemical vapor deposition (MOCVD).  MOCVD is a complex 
deposition system that uses low vapor pressure gases to flow material over a heated 
susceptor.  A substrate material is placed in the susceptor and heated to allow the gases to 
“crack” just above the susceptor, depositing the desired material uniformly across the 
substrate while the carrier gases are vented out of the system.  The deposited material 
arranges itself on the host material into a crystalline structure.  Quantum dots can be 
formed in an MOCVD system by the Stranski-Krastanow method.  The dot material and 
substrate material must have sufficient lattice mismatch so that there is strain, but not 
enough to cause 3-D, or Volmer-Weber growth.  The induced strain between the two 
different layers cause the quantum dots to form spontaneously leaving a thin wetting 
layer on the substrate.  The formation of the quantum dots is a random process that is 
influenced by the substrate geometry, material defects, and reactor conditions.  Hence, it 
is very difficult to control the size distribution and location of dots with MOCVD.27 
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II  EXPERIMENT 
 
2.1  STORM SETUP 
 The STORM system uses a Coherent brand Verdi-V10 laser model which is a 
diode pumped, frequency-doubled neodymium yttrium vanadate in a ring configuration 
for a stable 532 nm output.  The Verdi-V10 pumps the Coherent brand 899-01 
Ti:Sapphire ring laser.  The birefringent filter in the Ti:Sapphire laser has been retrofitted 
with a stepper motor for computer controlled wavelength tuning.  The Ti:Sapphire output 
passes through an intensity stabilizer to maintain constant illumination power throughout 
the duration of the experiment.  A 90:10 beam splitter splits the beam with the 10 % 
power beam passing into a Burleigh WA-1000 model wavemeter.  The wavemeter 
measures the wavelength with an accuracy of .1 nm.  The 90 % beam passes through a 
mechanical chopper before entering a multimode fiber for delivery to the tip-sample 
junction.  The output of the delivery fiber is collimated and has a spot size on the sample 
of about 1 cm2.  The chopper is used as the reference signal in a Stanford Research 
Systems lock-in amplifier.  The scanning probe microscope (SPM) system is a Digital 
Instruments/Veeco D3100.  The SPM is enclosed in an acoustic hood on a mechanical 
vibration isolation table (Figure 3).  The D3100 has the capability to be used as a STM or 
AFM.  Thus, the D3100 was used for all of the STM work as well as all of the AFM 
images.  
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Figure 3.  Schematic representation of STORM experimental setup. 
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 The STM signal was extracted with a signal access module available from Veeco 
Instruments, which runs in parallel with the STM, STM controller, and computer.  The 
STM signal travels to the lock-in amplifier from the signal access module and is locked-
in with the chopper frequency.  All of the wavelength, STM signal, and illumination 
power were collected via GPIB and RS232 connections by a LabView acquisition 
program. 
 
2.2  STM TIP PREPARATION 
 The resolution of the STM is limited only by the tip radius.19  As the tip becomes 
sharper, the resolving power is increased.  Thus, an atomically sharp tip will be able to 
image structures with atomic resolution.   
 Typically, STM tips are made from platinum/iridium alloy or tungsten.  It is 
possible to produce an atomically sharp tip by cutting a thin metal wire at an angle with a 
pair of scissors.  When the tip is cut from a wire, several jagged whiskers are generally 
formed.  If one whisker is longer than the others, tunneling will then take place from the 
end of that single whisker.28  Cutting wire with scissors tends not to yield a large amount 
of high quality tips.  There is a lot of human error introduced during the cutting 
procedure, which can lead to numerous tips that are unsuitable for imaging.29  A more 
reproducible method of fabricating STM tips is to use a chemical etch.  Tungsten is easier 
to etch than Pt/Ir and most commercially available etched tips are made from tungsten 
wire.30 
 18 
  Tips for the STORM experiment were fabricated from both cutting Pt/Ir wire and 
etching Pt/Ir wire.  The etch used a 0.2 M solution of CaCl2 and a graphite ring as an 
electrode.  The graphite ring was lowered in the etch solution to a depth of 5 mm from 
the surface.  The tip was then lowered in the solution to a depth of 3 mm below the 
surface.  A variable DC power supply was used to generate an etch voltage of 20 V 
(Figure 4).  The etch was allowed to proceed until the current ceased to flow between the 
tip and graphite electrode.31  Subsequently, the tip was then lowered back into the 
solution so that it broke the surface tension.  A 5 V bias was then applied to micro-etch 
the tip to produce a sharper tip.32   
Some of the tips were mechanically cut and then etched for a very short period of 
time (no longer than 5 seconds).  This fast etch is to remove any small whiskers, which 
increases the probability of leaving one large whisker to detect current.  This technique 
can also be used to remove oxide layers that form on tips exposed to the ambient air.  The 
thin oxide layer that forms impedes the tunneling current, reducing the sensitivity of the 
STM.  Since all of the samples in question are semiconducting and a large bias voltage is 
needed to detect tunneling current, any extra resistance due to tip contamination creates 
decreased STM signal.  The fast etch technique has also been shown to work for 
commercially available, mechanically cut STM tips that have formed an oxide layer.33,34 
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Figure 4.  STM tip etching setup. 
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III  RESULTS 
 
3.1  GALLIUM ARSENIDE  STUDY 
The first STORM experiment was conducted to verify the bandgap of three bulk 
GaAs samples grown with different doping levels.  All of the samples were grown on a 
Veeco D125 MOCVD system.  Each sample was a single layer of n-type GaAs, 2 µm 
thick, grown on semi-insulating GaAs.  Sample A51, A52, and A53 had doping levels of  
6.34 x 1016 cm-3, 1.47 x 1017 cm-3, and 1.24 x 1018 cm-3 respectively, which were 
determined by Hall and chemical C-V measurements.  PL measurements were taken on 
an Accent RPM2000 with a 532 nm DPSS laser with a resolution of 10 Å full width half 
maximum (FWHM).  For the PL spectra, sample A51 has a peak at 1.42 eV with a 
FWHM of 0.04 eV, sample A52 has a  peak at 1.43 eV with a FWHM of 0.05 eV, and 
sample A53 has a peak at 1.44 eV with a FWHM of 0.08 eV ( Figure 5).  The STORM 
measurements were performed in the center of each sample with the lateral translation 
piezos disabled.  The Ti:sapphire laser was tuned from 1.34 eV to 1.46 eV in one 
nanometer increments.  To extract the bandgaps from the absorption profiles, the curves 
were first smoothed using a 5 point adjacent averaging technique to remove spurious data 
points.  Next, the derivative of the STORM signal was calculated and fitted with a 
Gaussian curve.  The energy value at the peak of the Gaussian curve was used to define 
the bandgap as measured by STORM.  This method of analysis determines the bandgap 
of the material to be at the maximum slope, or inflection point of the absorption curve.  
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Figure 5.  PL spectra of GaAs samples with different doping levels. 
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Analysis of the STORM curves show, for sample A51, a bandgap of 1.40 ± 0.02eV; for 
sample A52, a bandgap of 1.41 ± 0.02eV, and for sample A53, a bandgap of 1.41 ± 
0.03eV (Figure 6).  Sample A53 had the highest doping level and the largest FWHM for 
the PL signal compared to the other two samples.  The A53 STORM curve also shows 
the weakest tunneling signal of the three samples.  This experiment demonstrates the 
STORM optically enhanced tunneling signal dependence on doping level.  As a material 
becomes more metallic through higher doping, the optical enhancement of tunneling 
current decreases due to a higher background tunneling current caused by the extra 
electrons in the dopant.  This also demonstrates a limit to the usefulness of STORM.  In 
the metallic regime, it may be more advantageous to use a different form of STM 
spectroscopy based solely on tunneling currents and bias voltages such as scanning 
tunneling spectroscopy (STS) to extract material properties.35   
 However, for this experiment, the PL and STORM results show agreement within 
uncertainty.  As such, STORM demonstrates viability as a local surface absorption 
spectroscopy technique for semiconducting materials (Figure 7, and Table 1).
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Figure 6.  Storm spectra of GaAs samples of different doping levels.  
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Figure 7.  STORM and PL spectra overlaid to show qualitative agreement. 
 
 
 Sample  Dopant 
 Concentration 
 Eg (STORM)  Eg (PL) 
 A51  6.34 x 1016 cm-3  1.40 ± 0.02eV  1.42 eV 
 A52  1.47 x 1017  cm-3  1.41 ± 0.02eV  1.43 eV 
 A53  1.24 x 1018 cm-3  1.41 ± 0.03eV  1.44 eV 
Table 1. Bandgap measured by STORM and PL of GaAs with different dopant concentrations. 
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3.2  QUANTUM DOT MEASURMENT 
 All of the quantum dots grown for the STORM experiment were composed of 
indium arsenide and grown epitaxially via MOCVD on GaAs substrates.  The first trial 
runs for quantum dot growth had extremely weak PL signal which subsequently required 
low temperature PL measurements to determine the bandgap range of the structures.  The 
quantum dot samples were placed in a cryogenic chamber and cooled with liquid helium 
to a temperature of under 10 K.  Samples were excited with the 514 nm line of a 5 W 
Argon ion laser.  The quantum dot peaks show a peak around 1.0 eV to 1.1 eV (Figure 8).  
The low temperature PL measurements of the quantum dot samples show that the 
bandgaps of the quantum dots fall into the most desirable energy range for incorporation 
into solar cells, which is near 1.0 eV (see Appendix A).  The Ti:Sapphire laser has a 
minimum photon energy of about 1.27 eV and is not suitable to be used for STORM 
measurements with these quantum dots.  As a result of the photon energy of the 
Ti:Sapphire laser being to high for a STORM measurement, a Tungsten Halogen lamp 
and monochromator were substituted in place of the Ti:Sapphire laser, wavemeter, 
intensity stabilizer and beam splitter.  The lamp/monochromator system has a useful 
output of 400 nm to 2000 nm.  
 The lamp/monochromator system produces substantially less irradiance as 
opposed to a laser source.  Thus, a 600 µm diameter fiber optic was used to deliver light  
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Figure 8.  Low temperature PL of quantum dot samples. 
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exiting the monochromator.  The fiber output was collimated and angled to illuminate the 
tip-sample junction in the same method as the laser source.  To avoid large output power 
fluctuations, the Tungsten Halogen lamp was operated at the maximum operation current.   
 Five different quantum dot structures were grown for the STORM experiment 
under different growth conditions.  Sample A was grown on a 2 degree offcut, semi-
insulating (SI) GaAs substrate.  The 300nm GaAs layer was grown with n-type doping of 
approximately 1 x 1018 cm-3 and a 6 Å InAs quantum dot layer on top.  Sample B was 
grown on n-type GaAs substrate with a 2 degree miscut.  The 200 nm undoped GaAs 
layer was grown with an 8 Å quantum dot layer deposited on top.  Sample C and sample 
D were identical structures grown during the same run, but on different offcut substrates.  
Sample C was grown n-type 6 degree offcut GaAs, while sample D was grown a SI 2 
degree offcut GaAs substrate.  The structure for samples C and D was composed of a 200 
nm GaAs layer followed by a stack consisting of 6 Å quantum dots with a 2nm GaAs 
cap.  This was followed by a 4 nm GaAs spacer with a 26 Å layer of GaP and finished 
with a 4 nm GaAs spacer.  This stack was repeated four times consecutively during the 
growth.  The final layer was a 6 Å q-dot layer for imaging by AFM.  Sample E was 
grown on 2 degree SI GaAs with a similar structure to samples C and D.  The only 
difference in the structure of sample E from that of C and D, was a tellurium doping of 5 
x 1017 cm-3 in the GaAs spacer layer.  The addition of tellurium was to indirectly 
incorporate the dopant into the quantum dot structures through diffusion. 
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 All of the quantum dot samples were characterized by AFM and by 
photoluminescence on the Accent RPM2000.  The size of the quantum dots were 
determined by AFM measurement.  The dimensions of the quantum dots are in the range 
of 2 to5 nm vertically and 25 to 40 nm in diameter (Figure 9 through Figure 13).  The 
larger dots present in the AFM images are over 10 nm tall and over 60 nm in diameter.  
The larger dots do not contribute significantly to the PL signal.36  Quantum dots with a 
height of greater than 10 nm have been shown to have weaker PL signal.  As the quantum 
dots become taller, they begin to acquire the properties of the bulk material and lose the 
beneficial effects of quantum confinement.  Thus, large quantum dots are undesirable for 
incorporation into solar cells (see Appendix A).  Noticeable in the AFM image is the 
different surface morphology of sample C as compared to the other samples.  The 
difference in morphology can be attributed to the substrate miscut upon which sample C 
was grown.  Sample C was grown on a 6 degree miscut substrate, indicating that the 
terrace steps are narrower than the standard 2 degree miscut wafers.  Since the quantum 
dots preferentially nucleate on close to the step edges, a 6 degree miscut substrate does 
not have step widths that are not sufficiently large to accommodate the quantum dots.  
Hence, the quantum dots tend grow across multiple step edges.  This phenomenon can 
lead to defect propagation through the center of the dot causing it to contribute less to the 
PL signal or current generation in a working device.37  Sample C also has the lowest PL 
intensity quantum dot peak when compared to the other samples. 
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Figure 9.  AFM micrograph of sample A (a) Height image.  (b) 3-D image. 
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Figure 10. AFM micrograph of sample B (a) Height image (b) 3-D image. 
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Figure 11. AFM micrograph of sample C (a) Height image (b) 3-D image. 
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Figure 12. AFM micrograph of sample D (a) Height image (b) 3-D image. 
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Figure 13. AFM micrograph of sample E (a) Height image (b) 3-D image. 
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 All of the PL spectra for the quantum dot samples exhibit three distinct peaks.  
These peaks correspond to the wetting layer (a thin quantum well that forms just before 
quantum dot nucleation) close to 1.34 eV and the GaAs substrate peak close to 1.43 eV.  
The third peak can be seen at 1.20 eV (Figure 14).  This corresponds to the quantum dots, 
however, the spectra have been truncated due to the limitations of the silicon detector.  
Silicon responsivity drops rapidly close to 1.20 eV.  Thus, the PL analysis displays only 
the leading edge of the emission of the quantum dots.  An InGaAs detector array was also 
used for PL measurements; however the signal was too weak to be detected by the 
instruments.  Some qualitative insight into the material quality can still be extracted from 
the PL data. 
 Sample A shows a more dominant GaAs peak in the PL profile than the other 
samples.  This can be explained by increased PL from the doped GaAs layer due to the 
extra electrons available for emission.  For sample E, the leading edge of the quantum dot 
signal is dominant.  This also can be explained by the Te dopant in the quantum dots 
enhancing the PL signal.  Sample B has an almost undetectable wetting layer emission 
(Figure 14).  Samples A and B are rather similar structures, however, the AFM shows 
that sample B has a lower density of large quantum dots compared to sample A (Figure 9 
and Figure 10).  Small differences in growth conditions lead to a weaker wetting layer 
signal in sample B than sample A.  The major contribution to the PL signal in sample D 
is from the wetting layer and the leading edge of the quantum dot emission.   
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Figure 14.  PL Spectra of quantum dot samples. 
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 This is in contrast to sample C which has a noticeable GaAs signal, indicating that 
sample D has a higher quality InAs deposition.  Sample D also has a stronger quantum 
dot signal than sample C and the differences in surface morphology indicate why this is 
so.  Sample C displays tall, elongated nanostructures that have formed in the low lying 
areas on the surface.  Many of these nanostructures may not be contributing to the PL due 
to the close step spacing of the 6 degree miscut substrate.  The quantum dots have grown 
over multiple terrace steps, creating non-radiative defects, and resulting in the weaker 
emission spectrum.  Sample D has both large and small quantum dots; however it has a 
higher density of quantum dots in the ideal size regime than sample C (Figure 12).  Thus 
sample D exhibits more quantum dot emission in the PL spectrum.  Figure 15 shows the 
relative PL intensities for all of the quantum dot samples measured with STORM. 
 Samples A through E were all measured with STORM and all of the samples 
exhibited photo-enhanced tunneling current in the energy region of the quantum dots, 
wetting layer, and GaAs substrate.  A feature of the STORM measurement is that the 
spectral features are shifted to lower energies than shown in the PL data.  This feature is 
consistent across all of the samples and is due to the applied bias during measurement.  
All of the samples were negatively biased in the 300 mV to 600 mV range, decreasing the 
work function of the material relative to the vacuum barrier and lowering the effective 
bandgap, resulting in red-shifted STORM absorption peaks (Figure 16 through Figure 
19).  Table 2 shows the difference in wetting layer energy as measured by STORM and 
by PL. 
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Figure 15.  Overlay of PL spectra for comparison. 
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Figure 16.  Sample B STORM and PL signal overlay. 
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Figure 17.  Sample C STORM and PL signal overlay. 
 40 
0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
Sample D 
S
T
O
R
M
 I
n
te
n
s
it
y
 (
a
.u
.)
Energy (eV)
 STORM
 PL
 P
L
 I
n
te
n
s
it
y
 (
a
.u
.)
 
 
Figure 18.  Sample D STORM and PL signal overlay. 
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Figure 19.  Sample E STORM and PL signal overlay.Table 2.  Table showing the STORM and PL 
measurements.  STORM shows a lower energy quantum dot peak and a higher energy wetting layer 
peak due to the applied bias. 
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STORM Peak Signal Sample B Sample C Sample D Sample E 
Quantum Dots 1.14 eV 1.15 eV 1.18 eV 1.11 eV 
Wetting Layer N/A 1.35 eV 1.36 eV 1.36 eV 
 
PL Peak Signal Sample B Sample C Sample D Sample E 
Wetting Layer 1.36 eV 1.33 eV 1.32 eV 1.33 eV 
 
Table 3.  Table showing the STORM and PL measurements.  STORM shows a lower energy 
quantum dot peak and a higher energy wetting layer peak due to the applied bias. 
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Another noticeable feature of the STORM curves is a significant drop of intensity 
in signal as the illumination energy approaches 1.70 eV.  This is caused by the 
lamp/monochromator system.  The Tungsten Halogen lamp has a non-linear irradiance 
across the entire spectral region. Furthermore, the optics inside the monochromator 
contribute a different non-linearity in reflection efficiency.  The result is a significant 
decrease in output power of the illumination system at 1.70 eV (Figure 20).  These 
features are obvious in all spectra and are simply due to the illumination system 
efficiency.  A similar situation was seen in the GaAs STORM experiment with hole 
burning in the Ti:sapphire laser at 1.55 eV.  Since 1.70 eV is out of the region of interest 
for quantum dot measurements, it does not affect the experimental results. 
Sample E had a relatively weak STORM signal that is again due to the tellurium 
dopant contributing a higher background tunneling signal. As was seen in the GaAs 
study, increased n-type doping leads to a significant decrease in photo-enhanced 
tunneling current (Figure 5).  This can be explained by the contribution of the electrons 
from the donor impurity.  Extra electrons from the dopant increases the background 
tunneling current, thus significantly more electrons must be made available for tunneling 
through photo-excitation for the STORM system to detect the absorption.  The intensity 
of the illumination lamp too low to obtain a good signal to noise ration from sample E.   
Sample A exhibits a different STORM spectrum compared to the other samples in that 
the absorption features are more detailed (Figure 21).   
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Figure 20.  STORM spectra overlaid to show lamp/monochromator system efficiency effects. 
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Figure 21.  STORM spectra of all samples. 
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Mini-band absorption occurs at 0.85 eV and 0.97 eV.   A broader quantum dot absorption 
peak occurs at 1.29 eV and there is a small wetting layer feature at about 1.36 eV.  A 
prominent spike in the STORM signal occurs at 1.40 eV and then the signal vanishes 
(Figure 22).  As with the previous STORM measurements on different samples, once the 
illumination photons reach sufficient energy, a continuous absorption occurs as would be 
expected for the system.  Sample A does not continually absorb according to the STORM 
data.  All that is observed in the data is a rapid increase in absorption with a steep 
decrease in signal.  The explanation for this is that the photo-enhanced tunneling current 
increased faster than the STM feedback loop could respond.  This caused a rapid 
oscillation in the tip-sample distance allowing the tip to contact the surface of the sample.  
The STM tip was then retracted and damage to the tip and sample was verified through 
an optical microscope.  All of the other samples were measured with a different tip.  The 
reason that sample A exhibited mini-band absorption while the others did not is due to 
the difference in tip radius.  As was previously stated, the resolution of the STM is 
dependent on the tip radius, thus a smaller tip will be able to detect smaller features.  The 
tip that was used to measure sample A had a small tip radius allowing tunneling from a 
small sample of quantum dots.  The tip used to measure samples B through E had a larger 
radius thus sampling tunneling current from more quantum dots.  Just as the PL 
measurements do not show the features of quantum confinement due to the large sample 
size, the STM is not able to detect mini-band states also due to a large sample size.   
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Figure 22.  STORM spectrum of sample A. 
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IV  CONCLUSIONS 
 
4.1  CONCLUSION 
 In this work, STORM has been demonstrated to be a viable method of performing 
spectroscopy on nanostructured materials.  Furthermore, it has been demonstrated that 
STORM has overcome some of the problems associated with bulk characterization 
techniques including spectral sensitivity.  The spectral range of STORM is limited by the 
tuning range of the illumination system, not the detector element.  With the appropriate 
tip geometry, the sample size of STORM can be reduced such that spectroscopy on a 
single quantum dot may be achieved.   In this way, STORM offers an alternative method 
to characterize nanostructures for the improvement of material design and for novel 
device design such as intermediate band solar cells. 
 
4.2  FUTURE RESEARCH AND DEVELOPMENT 
 The quantum dots for incorporation into solar cells have bandgaps in an energy 
region where there are no commercially available tunable laser sources.  Recently there 
has been a lot of effort put forth in researching the potential applications of optical 
parametric oscillators (OPO) using periodically poled crystals as the non-linear medium 
to provide a widely tunable, solid-state, continuous wave radiation in the visible, near- 
infrared and mid-infrared.38   
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 An OPO is very similar to a laser in design, but is a fundamentally different 
system.  OPOs make use of non-linearities in the structure of the medium and require 
optical pumping to start the amplification process.  OPOs also tend to be more tunable 
than lasers since the optical interaction does not involve discreet molecular states.  In 
certain non-linear crystals, interaction with the pump signal (ωp) produces two 
frequencies called the signal (ωs) and idler (ωi) which are related by the equation ωi+ ωs= 
ωp.
39  Many non-linear crystals are used for second harmonic generation (SHG) which is 
a special case when ωi = ωs resulting in ½ the pump wavelength being conserved. 
Typically, an OPO uses mirrors with reflectivities such that either the signal or idler 
frequencies are resonated to generate gain. OPOs may be designed to oscillate one, two 
or all three of the available frequencies.  By allowing multiple frequencies to resonate in 
the optical cavity, the oscillation threshold drops dramatically and as such the pump 
power can be decreased significantly.  However, multiple wavelength oscillation places 
severe restrictions on the optical cavity causing it to be extremely sensitive to external 
influences.  Thus, the environment has to be controlled very carefully.40 
 Lithium Niobate (LiNbO3) has a transparency region from 350 nm to 5000 nm 
making it very useful for near and mid-nfrared applications.  Due to its large non-linear 
coefficient of 23.2 pm/V, high damage threshold, and high quality manufacturing and 
poling processes, periodically poled lithium niobate (PPLN) is a suitable medium for 
generation of continuous wave, near-infrared radiation in an OPO configuration.   
 50 
 The non-linear crystal, LiNbO3, is a standard production, high purity crystal used 
for many years in SHG applications.  Recently, in an effort to increase the efficiency of 
SHG from a LiNbO3 crystal, the technique of periodic poling was developed.
41  Periodic 
poling is based on theory of Quasi Phase Matching (QPM).42  Due to dispersion effects, 
the fundamental and harmonic waves in a crystal have a phase velocity mismatch over a 
certain distance, the coherence length, where they are out of phase by 180 degrees 
causing destructive interference.  As the two waves propagate energy is exchanged back 
and forth periodically resulting in a zero net gain.40  QPM involves reversing the phase 
shift periodically so that the harmonic wave experiences a net gain.  Periodic poling 
involves creating a photolithographic mask to create metal electrodes in a periodic 
fashion across the surface of the crystal.  Then, a huge electric field is applied to 
permanently reverse the ferroelectric domains of the crystal just between the top and 
bottom electrodes, leaving the space between adjacent electrodes unaffected.  When the 
two waves propagate through a poled crystal, instead of experiencing total destructive 
interference, they experience a net constructive interference for energy exchange 
resulting in higher output of SHG signal ().43  For a given pump wavelength and a desired 
output wavelength, the spacing required to give the optimum conversion efficiency can 
be calculated.  Thus, different poling periods will correspond to different conversion 
efficiencies for a given wavelength produce.  With quasi phase matching, the phase 
mismatch is never zero, but there is a large range of frequencies that are able to be 
amplified.  Birefringent phase matching, on the other hand, is much more sensitive to  
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Figure 23.   Illustration showing increased output of second harmonic using a periodic poling 
technique. 
Standard Lithium Niobate Periodically Poled Lithium Niobate 
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frequency differences since the crystal must be rotated such that both waves have the 
same phase velocity along a specific axis of propagation.  This generally results in higher 
gain for birefrigent tuning than QPM systems.  Furthermore, QPM allows for non-critical 
phase matching throughout the entire transparency region by tuning the temperature of 
the crystal which facilitates power coupling for the largest element of the nonlinear 
tensor.44   
 Batchko et al. have reported a tuning range from 917 nm to 1266 nm using PPLN 
in a SRO, four mirror ring cavity using a 532 nm pump laser.45  Quasi-phase matched 
devices based on PPLN are able to provide wide tuning where the Ti:sapphire laser does 
not.  Mainly in the energy range of the quantum dot bandgaps investigated in the STORM 
experiment. 
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